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Introduction
In filamentous fungi, spore germination culminates with the establishment of hyphal polarity (reviewed in Wendland, 2001; Momany, 2002; Harris and Momany, 2004) . Typically, spores undergo an initial phase of isotropic expansion owing to uptake of water. Subsequently, an axis of spore polarization is specified, and the morphogenetic machinery required for localized cell surface expansion and cell wall deposition is oriented along this axis. This results in the emergence of a highly polarized hypha, which continues to grow by apical extension. Following a sufficient period of growth, hyphae divide by forming cross-walls known as septa. Although hyphal cells remain attached, subapical cells generate branches by establishing new orthogonal axes of polarity, whereas the apical cell maintains the initial axis that was established during germination. Furthermore, the original spore often establishes additional polarity axes leading to the formation of secondary and tertiary hyphae. This mode of growth presumably allows filamentous fungi to efficiently colonize and exploit new environments.
The role of the cytoskeleton in polarized morphogenesis has been intensively investigated in the filamentous fungi (reviewed in Xiang and Plamann, 2003; Kaminskyj and Heath, 1996; Steinberg and Fuchs, 2004) . Several studies have shown that a functional actin cytoskeleton is absolutely required for localized cell surface expansion and cell wall deposition in filamentous fungi (i.e. McGoldrick et al., 1995; Virag and Griffiths, 2004) . For example, exposure to actin depolymerizing agents causes hyphal extension to cease and triggers randomized swelling of the tip (Torralba et al., 1998) . In contrast, it is generally accepted that cytoplasmic microtubules are dispensable for the establishment of hyphal polarity. Spore swelling and hyphal emergence still occurs when microtubules are depleted via genetic or chemical insults (Jung et al., 2001; Oakley and Morris, 1980; That et al., 1988) . However, the resulting hyphae typically display a distorted morphology, which is thought to reflect the role of microtubules in controlling the position of the apical vesicle cluster known as the Spitzenkörper (Riquelme et al., 2000) . Furthermore, recent results also suggest that microtubules are required to achieve maximal rates of hyphal tip extension, perhaps because of their role in the transport of vesicles to the tip (Horio and Oakley, 2005; Mouriño-Peréz et al., 2006) .
In yeast and animal cells, the generation of cell polarity is regulated by the Rho-related GTPase Cdc42, which mediates the transfer of positional information to the morphogenetic machinery (reviewed in Johnson, 1999) . Localized activation of Cdc42 is triggered by positional cues that mark sites of polarized morphogenesis. In its GTP-bound activated form, Cdc42 functions via multiple effectors to recruit components of the morphogenetic machinery. Notably, activated Cdc42 triggers localized assembly of actin filaments by altering the conformation of the microfilament-organizing scaffold proteins WASP and formin (Rohatgi et al., 2000; Alberts, 2001 ). In addition, Cdc42 also modulates localized vesicle trafficking via the multiprotein exocyst (Zhang et al., 2001) . Although filamentous fungi possess highly conserved homologues of Cdc42, their specific role in the generation of hyphal polarity is poorly defined. For example, Cdc42 is required for the establishment of hyphal polarity in Ashbya gossypii and Candida albicans (Wendland and Philippsen, 2001; Ushinsky et al., 2002) , which are closely related to yeast. In contrast, recent observations suggest that Cdc42 is only required for the maintenance of hyphal polarity in Penicillium marneffei, Claviceps purpurea, and Colletotrichum trifolii (Boyce et al., 2001; Scheffer et al., 2005; Chen et al., 2006) . Thus it remains possible that filamentous fungi may utilize Cdc42-independent mechanisms to establish axes of cell polarity.
In addition to Cdc42, animal cells use the related GTPase Rac1 to generate cell polarity. In general, Rac1 and Cdc42 appear to act in a sequential manner to direct the formation of cellular projections in migratory cells and neurons (Arimura and Kaibuchi, 2005) . Both GTPases function within an interconnected web of signaling pathways (Wiggin et al., 2005) , and in many cases, the extent to which their function overlaps is not clear. Unlike the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe, filamentous fungi possess both Rac1 and Cdc42 homologues. In P. marneffei and C. trifolii, dominant mutations that lock Rac1 in a GTP-or GDP-bound state affect hyphal morphogenesis and suggest a possible role in polarity maintenance (Chen and Dickman, 2004; Boyce et al., 2003) . In C. albicans, a divergent Rac1 homologue is required for polarity establishment under certain conditions, but does not share any detectable functional overlap with Cdc42 (Bassilana and Arkowitz, 2006) . By contrast, Rac1 is more important than Cdc42 for the establishment of hyphal polarity in the basidiomycete Ustilago maydis, although the analysis of double mutants implies that they share at least one function (Mahlert et al., 2006) .
In the fungus Aspergillus nidulans, isotropic spore expansion is regulated by growth signals that are presumably relayed via a Ras GTPase signaling pathway (Osherov and May, 2000) . Once committed to the establishment of hyphal polarity, the myosin MyoA and the formin SepA appear to promote the localized organization of the actin cytoskeleton at the polarization site (McGoldrick et al., 1995; Harris et al., 1999) . Spore polarization also requires sphingolipid biosynthesis (Cheng et al., 2001 ) and a functional exocytic pathway (Whittaker et al., 1999; Shi et al., 2004) . Here, we investigate the function of the A. nidulans Cdc42 and Rac1 homologues in hyphal morphogenesis. Our results show that although Cdc42 and Rac1 function overlaps to some extent, Cdc42 has a pivotal role in hyphal morphogenesis whereas Rac1 appears to be largely dispensible. Furthermore, we also provide evidence that a parallel microtubule-dependent pathway becomes essential for the establishment of hyphal polarity when Cdc42 function is compromised.
Results

Identification of A. nidulans Cdc42
A search of the recently completed A. nidulans genome sequence revealed that the sole homologue of S. cerevisiae cdc42 is present on contig 1.129 (scaffold 10; annotated as AN7487.3), which is derived from chromosome IV sequences. The genome sequences and automated annotation were verified by the sequencing of genomic and full-length cDNA clones. Although we have previously deposited these sequences under the gene name modA (GenBank AF21798 and AF21799), we refer to the gene as cdc42 to maintain consistency with the literature. As predicted, A. nidulans Cdc42 possesses high amino acid identity (i.e. 78-94%) when compared with other Cdc42 homologues (Fig. S1 ). This includes the Cdc42 diagnostic sequence TQxD found between residues 117-120, the putative GTP binding/hydrolysis domain, the Cdc42 effector domain, and the carboxyterminal CxxL membrane localization motif (Johnson, 1999; Boyce et al., 2003) .
Role of A. nidulans Cdc42 in hyphal morphogenesis
We generated strains in which the entire cdc42 gene was replaced with the pyroA nutritional marker from A. fumigatus (AAV128) or the pyr-4 nutritional marker from Neurospora crassa (AAV137). Because both strains could be propagated as homokaryons, we conclude that cdc42 is not an essential gene in A. nidulans. When grown on rich glucose or minimal media at different temperatures, growth of Dcdc42 colonies was reduced compared with wild-type controls, particularly on minimal media (Fig. 1A-D) . Deletion of cdc42 also triggered a reduction in levels of conidiospores; Dcdc42 mutants displayed 180-fold and 45-fold fewer conidiospores than wild type on minimal medium at 28°C and 42°C respectively. The ability of rich glucose medium to improve conidiophore yields (compare Fig. 1C to 1A) could be due to the activation of signaling pathways that bypass the Cdc42 requirement. The reduced levels of conidiospores suggested that deletion of cdc42 causes a defect in asexual development. Indeed, although some Dcdc42 conidiophores appeared normal, we also observed conidiophores with dichotomously branched stalks, enlarged vesicles, abnormally shaped and/or fewer metulae and phialides, as well as a reduction in the number of conidiospores (Fig. 1E-K) . Some conidiophores with enlarged vesicles still developed metulae, phialides and conidiospores. These results suggest that polarity establishment and maintenance is transiently compromised in Dcdc42 mutants during asexual development.
The effects of cdc42 deletion on conidiospore germination and hyphal morphogenesis were examined on both rich and minimal media. After 8 h on rich media (YGVUU), only 10% of Dcdc42 conidiospores had germinated (i.e. produced a recognizable germ tube), compared with 49% of wild-type controls (n = 800 for both strains). By 15 h, 100% of wild type germinated conidiospores had two germ tubes, whereas only 54% of Dcdc42 spores had reached the same point (n = 400 for both strains). These observations suggest that the process of spore polarization is delayed in the absence of Cdc42 function. Regardless of media composition, Dcdc42 hyphae grew more slowly, generally had a wider hyphal diameter, and were more linear and less branched than wild type ( Fig. 1N-P) . To quantify this difference, we counted the number of branches in hyphae that had more than one hyphal compartment (spore and hyphal tip compartments were not included in these counts). Wild-type hyphae possessed slightly more compartments than Dcdc42 mutants (78% versus 52%), but only 4% of Dcdc42 hyphae produced one or more branches compared with 72% of wild-type controls (n = 400). These results support the notion that Cdc42 is intimately involved in the formation of lateral branches.
Nuclear distribution and patterns of chitin deposition were assessed in the Dcdc42 mutant by fluorescence microscopy using Hoechst 33258 and Calcofluor as stains respectively. Although the size and shape of nuclei were similar in the mutant compared with wild type, there was a clear increase in the number of nuclei per unit hyphal length, with the increase being more pronounced the longer the incubation ( Fig. 1N-P) . Nevertheless, two observations suggest that this does not reflect altered nuclear division dynamics in Dcdc42 mutants. First, the number of nuclei per hypha in Dcdc42 mutants was indistinguishable from wild type over the first 16 h following spore germination (18.8 Ϯ 5.3 for wild type; 16.2 Ϯ 4.0 for Dcdc42; n = 50). Second, other mutants with increased hyphal diameter (i.e. sepA1) show a similar apparent increase in nuclear content (Harris et al., 1994 ). This appears to be a common effect observed in mutants with normal cytoplasmic volume but reduced hyphal extension rates.
Previous work has demonstrated that sterol-rich domains contribute to hyphal polarity in A. nidulans (Cheng et al., 2001; Pearson et al., 2004) . To determine if the absence of Cdc42 alters the organization of these domains, we stained hyphae with filipin, a fluorescent dye that binds to free sterols. However, both wild-type and Dcdc42 mutants showed similar sterol distribution ( Fig. 2L and M), thereby suggesting that Cdc42 has no obvious role in the organization of sterol-rich membrane domains.
Localization of A. nidulans Cdc42
In S. cerevisiae Cdc42 localizes to the bud tip, as well as the mother-bud neck, indicating sites where it is functionally active. To localize Cdc42 in A. nidulans, we fused gfp to cdc42 at the N-terminus by fusion PCR (Nayak et al., 2006) . In the strain expressing the N-terminal GFPCdc42 (AAV150) we observed fluorescence at the apex of the hyphal tips in the form of a crescent ( Fig. 2A and B) , indicating a function at sites of polarized growth. We did not observe any distinct fluorescence at septa or incipient branch sites. We crossed AAV150 with a number of different morphological mutants (i.e. DspaA; Virag and Harris, 2006a) , and in each case found that the presence of the GFP-Cdc42 fusion protein lead to enhanced morphological defects. This observation suggests that although GFP-Cdc42 localizes as expected to hyphal tips, the fusion construct itself is not fully functional.
Cdc42 is not required for localization or organization of polarisome components, the Spitzenkörper or the cytoskeleton
The presence of a polarity maintenance and branching defect in Dcdc42 mutants suggested that Cdc42 might function upstream of putative polarisome constituents. For example, in yeast, Cdc42 is known to interact with polarisome components and regulate their localization (Evangelista et al., 1997; Dong et al., 2003; Rida and Surana, 2005) . Therefore, we looked at the distribution of the formin SepA, and the putative polarisome scaffolding protein SpaA, in a Dcdc42 background. To accomplish this, we generated Dcdc42 strains that expressed previously described sepA::gfp and spaA::gfp constructs (Sharpless and Harris, 2002; Virag and Harris, 2006a) and examined localization patterns following up to 17 h growth in rich glucose media. Surprisingly, SepA displayed normal localization to hyphal tips and septa in the absence of Cdc42 (Fig. 2C-F) , and SpaA localized to the apices of hyphal tips in both mutant and wild-type hyphae ( Fig. 2G and H ). These observations suggest that polarisome recruitment to hyphal tips is not strictly dependent upon Cdc42 in A. nidulans.
Results from several prior studies strongly imply that the Spitzenkörper is a structure that contributes to polarized growth events at the hyphal apex (Harris et al., 2005) . To determine if the Dcdc42 phenotype is due to a disruption in Spitzenkörper positioning and function, we stained membranous material in hyphal tips with FM4-64. As previously observed in A. nidulans and other filamentous fungi, a round membranous structure underlying the A. nidulans cdc42 and rac1 1581 growth site is visible in wild-type hyphae that are actively growing (Fischer-Parton et al., 2000; Virag and Harris, 2006b) . In Dcdc42 mutants, the same structure is visible, indicating that Cdc42 is not required for the formation or positioning of the Spitzenkörper ( Fig. 2I and J) .
The morphological phenotype of Dcdc42 mutants could also be a consequence of changes in the function of cytoskeleton components such as the microfilaments or microtubules.
To test this, we generated Dcdc42 strains that expressed previously described tpmA::gfp (i.e. tropomyosin) and tubA::gfp constructs (i.e. alpha-tubulin) (Oakley, 2004; Pearson et al., 2004) and examined localization patterns following 13-15 h growth in rich glucose media. In wild-type hyphae, TpmA localizes to an apical dot with a subtending peripheral network, and it also localizes to the contractile actin ring at septation sites (Pearson et al., 2004) , while TubA localizes to cytoplasmic and spindle 1582 A. Virag, M. P. Lee, H. Si and S. D. Harris microtubules (Oakley, 2004) . Both TpmA and TubA localization patterns were not affected by the Dcdc42 mutation ( Fig. 2K-N) , thereby suggesting that organization of the cytoskeleton is not dependent per se on Cdc42 function.
Cdc42 and RacA have overlapping functions
Because Cdc42 is an essential gene required for organization of the actin cytoskeleton in the ascomycete yeasts S. cerevisiae and S. pombe, it was somewhat surprising that despite the morphological defects observed in A. nidulans Dcdc42 mutants, Cdc42 is not required for organization of the cytoskeleton or for polarisome localization. One possible explanation for these observations is that the presence of a Rac1 homologue may compensate for loss of Cdc42, which might be expected considering the related functions of Cdc42 and Rac1 in animal cells (Burridge and Wennerberg, 2004) . This scenario predicts that extra copies of Rac1 might suppress the morphological defects caused by the Dcdc42 mutation, and also suggests that a Dcdc42Drac1 double mutant might be lethal.
Like many other filamentous fungi (i.e. Boyce et al., 2003; Chen and Dickman, 2004; Takemoto et al., 2006) , A. nidulans possesses a Rac1 homologue (RacA; AN4743.2) with the canonical TKLD sequence present at amino acid position 121-124 (compared with TQxD for Cdc42 homologues; Boyce et al., 2003) . Furthermore, although Cdc42 and RacA clearly belong to the same phylogenetic subfamily of Rho GTPases in A. nidulans, it is also apparent that they form distinct clusters (Fig. S2) . To determine the function of RacA, a deletion was constructed by gene replacement. Although DracA mutants displayed reduced growth ( Fig. 3A-D) , the morphology of hyphae remained normal compared with wild type. Furthermore, organization of the cytoskeleton and localization of the Spitzenkörper were not affected by the loss of racA. Accordingly, we conclude that RacA by itself has no obvious role in hyphal morphogenesis. However, DracA mutants exhibited multiple defects in conidiophore morphology compared with wild type, particularly on minimal media at 42°C (Fig. 3E -L). These defects included absence of sterigmata (metulae and phialides) with conidiospores, reduction in the length of the stalk, stalk and vesicle branching, irregular-shaped vesicles, and reduction in the number of metulae and phialides ( Fig. 3E-K ). This observation implies that RacA might have a unique function in conidiophore development at higher temperatures (i.e. 42°C) that cannot be compensated for by the presence of Cdc42.
To determine if RacA could function as a dosage suppressor of Dcdc42 defects, we cotransformed a Dcdc42 strain with the multicopy plasmid pRG3-AMA1 (Osherov and May, 2000) along with pHS11 and pHS12, which contain the cdc42 and racA genes with upstream and downstream regulatory sequences respectively. The presence of green conidiospores in positive transformants on minimal medium indicated that the cdc42 and racA fragments complemented the Dcdc42 phenotype ( Fig. 4A and B compared with Fig. 4C ). We amplified intragenic cdc42 and racA DNA fragments from rescued plasmids, verifying that the cdc42 and racA genes were indeed responsible for complementing the Dcdc42 phenotype. Individual Dcdc42 AMA1-racA transformants isolated from the original transformation plates and grown on minimal media displayed wild-type colony phenotypes and growth rates ( Fig. 4D and E compared with Fig. 4F ), and hyphal morphologies ( Fig. 4G and H compared with Fig. 4I ), thereby suggesting that Cdc42 and RacA have overlapping functions in hyphae. To further investigate the interaction between Cdc42 and RacA, we crossed Dcdc42 and DracA strains to generate double mutants. However, both of the reciprocal crosses, AAV128 ¥ AAV141 and AAV129 ¥ AAV138, did not yield any viable double Fig. 1 . A. Colony morphology of AAV128 (Dcdc42) on minimal (MNUU) medium. B. Colony morphology of A1149 (wild type) on minimal (MNVUU) medium. C. Colony morphology of AAV128 (Dcdc42) on rich (MAGUU) medium. D. Colony morphology of A1149 (wild type) on rich (MAGUU) medium. All colonies were grown for 5 days at 28°C on 85 mm Petri dishes. E. AAV128 conidiophores with an enlarged vesicle. Bar = 20 mm and applies to images E-K. Conidiophores in E-K were grown for 3 days on supplemented minimal medium at 28°C. F. Branched conidiophore stalk. G. Abnormal fused metula and phialid. H. Only metulae but without phialids and conidiophores. I. Reduced number of metulae, phialids and conidiospores. J. All components present with the exception that the vesicle is enlarged. K. A1149 conidiophore. L. Sterol localization at the hyphal tip in AAV128 (Dcdc42) after 16 h of growth on YGV medium at 28°C. Bar = 10 mm and applies to images L and M. M. Sterol localization at the hyphal tip in A1149 (wild type) after 15 h of growth on YGVUU medium at 28°C. N. Hyphal morphology, nuclear and cell wall distribution in AAV128 (Dcdc42) after 12 h of growth in YGV medium at 28°C. Bar = 10 mm and applies to images N-P. O. Hyphal morphology, nuclear and cell wall distribution in AAV128 (Dcdc42) after 16.5 h of growth at in YGV medium 28°C. Arrow indicates the position of a septum. P. Hyphal morphology, nuclear and cell wall distribution in A1149 (wild type), after 12 h of growth in YGVUU medium at 28°C. mutants based on the failure to recover Pyr + Pyro + segregants. We next took advantage of strain AAV150 with the partially functional GFP-Cdc42, and crossed it to strain AAV129 containing the DracA::pyroA A.f. gene replacement. Recombinant non-wild-type progeny from this cross-exhibited green fluorescence throughout the cells could not polarize, and lysed as one, two or three attached round cells ( Fig. 4J and K) . The fact that two or three cells could sometimes be seen suggested that septation still occurred. Together, these observations suggest that the combination of Dcdc42 with DracA is synthetically lethal, and support the notion that both Cdc42 and RacA share at least one overlapping function that is required for polarity establishment.
Proper regulation of Cdc42 GTPase activity is required to form a stable axis of hyphal polarity
In S. cerevisiae, expression of dominant mutations that reduce the intrinsic GTPase activity of Cdc42 (i.e. cdc42
G12V
) is lethal, and causes the accumulation of enlarged cells with multiple buds (Ziman et al., 1991) . In S. pombe, similar mutations trigger depolarized growth, although cells remain viable (Miller and Johnson, 1993) . To further characterize Cdc42 function, we constructed strains possessing a single copy of either the alcA(p)::cdc42 G14V allele (AML81 and AML37), the alcA(p)::cdc42 wild-type allele (AML28), or the empty alcA(p) vector (AML30). In each strain, the construct L. An A1149 (wild type) conidiophore grown under the same conditions. Conidiophore components are: a. stalk, b. vesicle, c. sterigmata (metulae and phialides), and d. conidiospores. Bar = 10 mm, and applies to images E-L.
was integrated as a single copy at the argB locus. Furthermore, analysis of Western blots showed that ethanol induced Cdc42 expression to a level that was fivefold to 10-fold higher in AML81 and AML28 compared with the AML30 control (data not shown).
Unlike S. cerevisiae (Ziman et al., 1991) , overexpression of Cdc42 G14V was not lethal in A. nidulans. Even under maximal inducing conditions (i.e. M-ethanol), small colonies could form at all temperatures tested ( Fig. 5A-D) . However, these colonies displayed a severe reduction in extension rate when compared with control colonies. In addition, the cdc42 G14V mutation affected conidiation, as strain AML81 produced approximately fourfold fewer conidia on M-ethanol than AML30.
To further characterize the effect of Cdc42 G14V expression, hyphal morphogenesis and nuclear distribution were examined by epifluorescence microscopy. Because the morphogenetic defects caused by the cdc42 G14V mutation were most severe at 42°C, all experiments were performed using conidiospores incubated at this temperature. Although cdc42 G14V mutants were able to establish polarity when grown under moderately inducing conditions (i.e. M-glycerol), they formed hyphae that were wider than normal and displayed pronounced swollen regions ( Fig. 5E and H compared with Fig. 5F ). However, following 30 h growth on M-ethanol (i.e. strong inducing conditions), only 48% of cdc42 G14V conidiospores had formed germ tubes (n = 200; compared with 69% for the wild-type control; Fig. 5G ). Of those hyphae that did form, 80% possessed swollen tips (n = 200; compared with 1% for the wild-type control), indicative of a defect in maintaining polarity (Fig. 3G, bottom inset) . Nuclear distribution was also affected by the cdc42 G14V mutation, as nuclei often appeared in clumps within the swollen hyphal Fig. 4 . A. Colonies of AAV128 cotransformed with pRG3AMA1 and pHS12 (racA-containing vector) after 9 days of growth on MN + KCl transformation plates at 28°C. B. Colonies of AAV128 cotransformed with pRG3AMA1 and pHS11 (cdc42-containing vector). C. Colonies of AAV128 transformed with only pRG3AMA1. D. A single AAV128 colony expressing racA on the autonomously replicating pRG3AMA1 vector grown on minimal medium at 28°C for 2 weeks. E. A single AAV128 colony expressing cdc42 on the autonomously replicating pRG3AMA1 vector grown on minimal medium at 28°C for 2 weeks (positive control). F. A single AAV128 colony expressing only the autonomously replicating pRG3AMA1 vector grown on minimal medium at 28°C for 12 days (negative control). G. Hyphae of AAV128 cotransformed with pRG3AMA1 and pHS12 (racA-containing vector) after 14 h of growth on liquid YGV medium at 28°C. Bar = 10 mm and applies to images G-I. H. Hyphae of AAV128 cotransformed with pRG3AMA1 and pHS11 (cdc42-containing vector). I. Hypha of AAV128 transformed with only pRG3AMA1. J. A DracA strain expressing GFP-Cdc42 after a week of growth on minimal medium at 28°C. Expression of GFP-Cdc42 is non-specific. Bar = 20 mm and applies to images J and K. K. Corresponding DIC image. tips (Fig. 5E ). In addition, aberrantly thick septa were occasionally observed (Fig. 5E) . Notably, in many cdc42 G14V hyphae (i.e. 16% of those with germ tubes), an apparently normal tip was subtended by a swollen region (Fig. 5H) , which suggests that failure to maintain polarity may only be transient.
Microtubules become essential for polarity establishment when Cdc42 function is compromised
If the delayed polarity establishment observed in cdc42 G14V mutants is caused by an inability to stably maintain a polarity axis, another mechanism may then become important for polarization. Given the emerging role of microtubules in the transport of polarity determinants in S. pombe and A. nidulans (Feierbach et al., 2004; Konzack et al., 2005) , we reasoned that the alternative mechanism might require functional microtubules. To test this idea, we examined the effect of microtubule depolymerization on polarity establishment in cdc42 G14V mutants. These experiments were performed using ethanol-based growth media for two reasons. First, this is required for maximal induction of cdc42
G14V
. More importantly, however, the requirement that the first mitosis be completed prior to spore polarization does not apply on poorer growth media (Harris et al., 1999) . Therefore, the role of microtubules could be assessed independent of any apparent effect on mitosis.
In wild-type controls (i.e. AML30), benomyl treatment caused the formation of 'curly' hyphae after a slight delay in polarity establishment ( Fig. 6E compared with Fig. 6A) . Surprisingly, in cdc42 G14V mutants, benomyl treatment delayed polarity establishment (i.e. only 1.5% of spores possessed germ tubes after 30 h in M-ethanol plus Fig. 5. A-D ] grown in M-glycerol. Note the apparently normal hyphal segment subtended by a swollen region (arrow). Strains in images E-H were grown for 16-24 h at 42°C in indicated media. 5 mg ml -1 benomyl, compared with 40% of treated wild type; n = 200; Fig. 6F compared with Fig. 6B ). This phenotype is dependent on the level of cdc42 G14V expression, as spores incubated in M-glycerol plus benomyl displayed a modest delay in polarization, but were able to form germ tubes after 24 h (14.5%, compared with 36% of wild type; n = 200). Furthermore, the swollen spores remained competent to establish polarity, as 59% (n = 200) formed germ tubes when cdc42 G14V expression was shut-off and cytoplasmic microtubules restored by shifting from M-ethanol to YGV media for 6 h. These observations show that microtubules become essential for spore polarization when Cdc42 function is altered.
As the sole member of the formin family in the A. nidulans proteome, SepA is required for the formation of actin cables (i.e. extended, unbranched microfilaments; Pearson et al., 2004) . Because sepA mutants fail to establish conidiospore polarity in a timely manner (Harris et al., 1999) , they too may require microtubules for polarized growth. To test this notion, we examined the effect of microtubule depolymerization on hypomorphic sepA mutants. When incubated on M-ethanol, benomyl treatment dramatically inhibited polarization of sepA4 spores (i.e. only 20.5% of spores possessed germ tubes after 30 h in M-ethanol plus 5 mg ml -1 benomyl, compared with 83% of treated wild type and 99% of untreated sepA4; n = 200). In addition, many of the spores that failed to polarize ultimately lysed. Similar results were obtained when sepA1 mutants were examined ( Fig. 6G compared with Fig. 6C ), as well as when either sepA1 or sepA4 spores were incubated in rich media and treated with benomyl (data not shown). These observations show that microtubules become important for polarity establishment when formin function is compromised. Moreover, because the cdc42 G14V and DsepA mutations presumably affect localized microfilament assembly, they suggest that microtubules function in concert with microfilaments to promote efficient polarity establishment in A. nidulans.
Cdc42 genetic interactions
We have previously proposed that Cdc42 and/or Rac1 could regulate hyphal morphogenesis by activating downstream effector complexes such as the polarisome. We have previously characterized components of the A. nidulans polarisome, including the formin SepA and the scaffold protein SpaA (Sharpless and Harris, 2002; Virag and Harris, 2006a) . The epistatic interaction between the hypomorphic sepA1 mutation (an L1369S substitution in the FH2 domain; Sharpless and Harris, 2002) and the spaA deletion (Fig. 7A) provides genetic evidence that SepA and SpaA perform at least one function in a common complex. To determine the genetic relationship between the polarisome and Cdc42, we tested for interactions between sepA1 (note that deletion of sepA is lethal; Sharpless and Harris, 2002) or DspaA and two different cdc42 mutations: Dcdc42 and the hyperactive cdc42
G14V
As shown in Fig. 7B , the Dcdc42DspaA mutant (AAV152) exhibited a more restricted colony growth rate than either of the two parental strains. The synthetic interaction between the two deletion mutations implies that Cdc42 and SpaA have independent effects on growth and development (Boone et al., 2007) . Notably, a DracADspaA double mutant (AAV153) also had a more severe phenotype than either of the parents, with an additional nonconidiating characteristic not present in either of the parents (Fig. 7C ). This shared genetic interaction is consistent with the idea that Cdc42 and RacA share a common function in polarized hyphal growth. Unlike the double deletion mutant, cdc42 G14V DspaA double mutants 
) conidiospores germinated in minimal glycerol medium. G. GR5 (wild type) conidiospores germinated in minimal glycerol medium. H. AAV9 (DspaA) conidiospores germinated in minimal glycerol medium with 5 mg ml -1 Benomyl. Bar = 10 mm, and applies to images H-K. I. AAV100 (cdc42 G14V DspaA) conidiospores germinated in minimal glycerol medium with 5 mg ml -1 Benomyl. J. AML37 (cdc42
) conidiospores germinated in minimal glycerol medium with 5 mg ml -1 Benomyl. K. GR5 (wild type) conidiospores germinated in minimal glycerol medium with 5 mg ml -1 Benomyl. Conidiospores were grown for 14 h at 42°C in images D-K.
(i.e. strain AAV100) displayed an epistatic interaction. In particular, when examined following growth on M-glycerol, the absence of SpaA suppressed the morphogenetic defects caused by activated Cdc42 G14V (Fig. 7D-G) . Although cdc42 G14V DspaA hyphae were somewhat wider than wild type, they did not exhibit the swollen regions characteristic of cdc42 G14V mutants and instead resembled those formed by the DspaA mutant. Moreover, the deletion of spaA also permitted cdc42 G14V mutants to undergo polarity establshment when microtubules were depolymerized. In particular, cdc42 G14V DspaA double mutants were capable of polarizing in the presence of benomyl to the same extent as single DspaA mutants and wild type (Fig. 7H-K) . Note that DspaA mutants display similar morphological responses to microtubule depolymerization as observed in wild type, which suggests that SpaA is not involved in the response to benomyl. Because SpaA appears to be required for the morphogenetic defects triggered by activated Cdc42
, we suggest that it acts as a scaffold that mediates the formation of Cdc42 effector complexes. Furthermore, to account for the synthetic interaction observed in the Dcdc42DspaA mutant, we propose that SpaA is not solely dedicated to Cdc42 function, but, like other GIT proteins (Hoefen and Berk, 2006) , provides a scaffold for additional signaling proteins such as MAP kinases.
Although we could recover viable Dcdc42 sepA1 double mutants, the ascospores formed tiny microcolonies consisting of hyper-branched hyphae that grow extremely slowly (Fig. S3) . This synthetic interaction implies that Cdc42 and SepA do not display strict functional dependency upon each other. Nevertheless, the analysis of cdc42 G14V sepA1 double mutants (AML48) suggests that Cdc42 may promote activation of SepA. In particular, when examined following growth in M-ethanol for 30 h at restrictive temperature, the double mutant displayed a striking failure to establish hyphal polarity (i.e. 0% of spores had formed germ tubes, n = 200; Fig. 6D ). Instead, spores were swollen and possessed at least four to eight nuclei. This phenotype is clearly dependent on the level of cdc42 G14V expression, as spores incubated in M-glycerol (moderately inducing, non-repressing for alcA expression) displayed a modest delay in polarization, but were able to form germ tubes after 24 h (31%, compared with 94% of wild type; n = 200). Furthermore, the swollen spores remained competent to establish polarity, as 50% (n = 200) formed germ tubes when cdc42 G14V expression was shut-off by shifting from M-ethanol to YGV at restrictive temperature. To account for the synthetic polarization defect of cdc42 G14V sepA1 mutants, we suggest that hyperactive Cdc42 titrates the hypomorphic SepA1 protein to a level below that needed for polarity establishment (see Discussion). Although this would argue that Cdc42 activates SepA, the synthetic interaction between Dcdc42 and sepA1 mutations implies that Cdc42 acts via other effectors as well.
Discussion
The Rho-related GTPase Cdc42 is universally involved in polarity establishment in animals and fungi (Johnson, 1999; Park and Bi, 2007) . In hemiascomycete (i.e. S. cerevisiae) and archiascomycete (i.e. S. pombe) yeasts, Cdc42 is required for the establishment of a polarity axis (Johnson and Pringle, 1990; Miller and Johnson, 1993) . Notably, Cdc42 is also required for establishment of hyphal polarity in the filamentous ascomycetes C. albicans and A. gossypii (Mirbod et al., 1997; Wendland and Philippsen, 2001; Ushinsky et al., 2002) . The purpose of this study was to determine the role of Cdc42 in hyphal morphogenesis of the euascomycete fungus A. nidulans. Previous analyses of Cdc42 function in filamentous fungi show that it is not required for the establishment or maintenance of hyphal polarity (i.e. Boyce et al., 2001; Scheffer et al., 2005; Chen et al., 2006) , and instead suggest that the closely related GTPase Rac1 controls these functions (i.e. Mahlert et al., 2006) . Surprisingly, we find the opposite in A. nidulans; although Cdc42 and Rac1 share an essential function in polarity establishment, Cdc42 has a major role in hyphal morphogenesis whereas Rac1 is largely dispensable. In addition, we provide genetic evidence that implicates Cdc42 in polarisome function and reveals a heretofore unknown role for microtubules in the establishment of hyphal polarity.
Cdc42 and Rac1 share an essential function in hyphal morphogenesis
In the absence of Cdc42, germinating A. nidulans conidiospores can establish hyphal polarity, but the resulting hyphae are abnormally straight and exhibit a pronounced delay in the formation of lateral branches. Furthermore, the emergence of secondary germ tubes from Dcdc42 conidiospores is also severely delayed. These observations suggest that Cdc42 is generally required for all polarity establishment events except for the formation of the primary axis of hyphal growth. In addition, the ability of A. nidulans hyphae to meander about their polarity axis, which may reflect the dynamic movement of the formin SepA within the hyphal tip (Sharpless and Harris, 2002) , is presumably also dependent on Cdc42 function. Finally, the development of normal conidiophores requires Cdc42. The diverse array of aberrantly shaped conidiophores observed in Dcdc42 mutants supports a more complex role than the mere regulation of budding morphogenesis during conidiation (Timberlake, 1990) , and implies that Cdc42 has a broader function in conidiophore development.
Several observations demonstrate that Cdc42 and Rac1 share an essential function that is absolutely required for the establishment of the primary axis of hyphal growth. First, extra copies of rac1 provided on a high-copy plasmid can suppress all Dcdc42 mutant phenotypes. Second, double Dcdc42 Drac1 deletion mutants are inviable. Third, partial loss of Cdc42 function in a Drac1 mutant (i.e. as observed in GFP-cdc42 Drac1 strain) leads to a severe polarity establishment defect in germinating conidiospores. Thus, despite the absence of any obvious defects in hyphal morphogenesis in single Drac1 mutants, Rac1 is capable of substituting for Cdc42 to regulate polarity establishment in A. nidulans. We propose that Cdc42 and Rac1 are equal partners in the formation of the primary polarity axis during conidiospore germination, but Cdc42 then becomes the dominant GTPase that drives all subsequent polarization events. This may be due to downregulation of rac1 expression or changes in Rac1 localization once a germ tube has formed.
It has become clear that there is no consistent pattern for the relative roles of Cdc42 and Rac1 in those fungi that possess both GTPases. Within the ascomycetes, Cdc42 is an essential gene required for polarity establishment in the hemiascomycetes (Saccharomycotina) and archiascomycetes (Taphrinomycotina) (Johnson, 1999) . In these subphylla, Rac1, when present, has a minor role in cellular morphogenesis (Hurtado et al., 2000; Bassilana and Arkowitz, 2006) . By contrast, neither deletion of cdc42 nor expression of a dominant negative allele is lethal in the euascomycetes (Pezizomycotina) (i.e. Scheffer et al., 2005; Chen et al., 2006) . Instead, results from expression of dominant active or inactive alleles imply that Rac1 has the more important morphogenetic function in these filamentous fungi (i.e. Boyce et al., 2003; Chen and Dickman, 2004) . Nevertheless, our results demonstrate for the first time in a euascomycete that Cdc42 and Rac1 share a common function in polarity establishment and suggest that they are equally capable of activating downstream effector pathways required for localized organization of the cytoskeleton at sites of polarized growth. We propose that differences in the relative requirements for Cdc42 and Rac1 may reflect their specific functions in different signaling pathways. For example, Rac1 is an activator of fungal NADPH oxidases (i.e. Takemoto et al., 2006) , whereas Cdc42 is likely to be a regulator of MAP kinase signaling (i.e. Levin, 2005) . The relative requirements for these GTPase functions would presumably be a function of the ecological lifestyle of a specific fungus (i.e. pathogen versus saprophyte).
Relationship between Cdc42 and the fungal polarisome
In yeast, Cdc42 effectors fall into three distinct classes (Park and Bi, 2007) : the p21-activated kinases (PAKs) Cla4 and Ste20, the CRIB-domain proteins Gic1 and Gic2, and the formins. The extent to which the relationship between Cdc42/Rac1 GTPases and these effectors is conserved in filamentous fungi is an important but unresolved issue. While the PAKs and formins are conserved in euascomycetes, genome annotation has failed to reveal any detectable homologues of the Gic proteins or any other protein possessing a CRIB domain (i.e. see Borkovich et al., 2004; Harris and Momany, 2004) . We have previously shown that the formin SepA is required for hyphal morphogenesis in A. nidulans (Harris et al., 1997; Sharpless and Harris, 2002) , and suggested that it may function as within a complex (the polarisome) that is regulated by Cdc42 (Virag and Harris, 2006a) . The results of our genetic analysis provide some support for this view. In particular, the morphogenetic defects caused by expression of dominant active Cdc42 are eliminated by loss of the polarisome component SpaA. Furthermore, the synthetic polarity defect observed in the cdc42 G14V sepA1 double mutant could be explained if GTP-locked Cdc42 were titrating effectors such as SepA and Cla4 into nonproductive complexes (we have obtained evidence for a weak two-hybrid interaction between activated Cdc42 and SepA; K. Sharpless, M. Lee and S. Harris, unpubl. results) . The resulting morphological defects might then be exacerbated by mutations, such as the hypomorphic sepA1 allele, that further reduce levels of these effectors. Finally, we note that localization of GFP fusion proteins shows that Cdc42, SepA and SpaA display similar localization to a surface cap at hyphal tips, although Cdc42 and SpaA do not share the ability of SepA to localize to the subtending spot that is likely the Spitzenkorper (Sharpless and Harris, 2002; Harris et al., 2005; Virag and Harris, 2006b) . Taken together, these results suggest that the polarisome is a likely effector of Cdc42 in euascomycetes. In addition, they support the proposal of Crampin et al. (2005) that the polarisome is a component of the surface cap, where it somehow regulates Spitzenkorper behaviour.
One caveat to the idea that the polarisome is a Cdc42 effector is our observation that localization of both SpaA and SepA to hyphal tips is not altered by the absence of Cdc42. A likely explanation for this is that Rac1 can substitute for Cdc42 and recruit the polarisome. However, it also remains possible that there are redundant mechanisms that ensure proper localization of the polarisome independent of Cdc42 or Rac1. These may include other scaffolding proteins such as paxillins (Brown and Turner, 2004) ; indeed, we have identified two paxillins in A. nidulans and found that one localizes to a surface cap at hyphal tips (A. Virag and S. Harris, unpubl. results) . Alternatively, a microtubule-based mechanism may act in parallel to Cdc42 and Rac1 to direct polarisome recruitment.
Microtubules become essential for polarity establishment when Cdc42 function is compromised
Recent studies highlight two important roles for microtubules in polarized hyphal growth. First, microtubules are required to achieve optimal rates of hyphal extension (Horio and Oakley, 2005; Horio, 2007) . Second, the ability to maintain a stable axis of hyphal polarity depends upon the presence of intact microtubules (Riquelme et al., 1998; Konzack et al., 2005) . Notably, in the absence of microtubules, the Spitzenkorper cannot maintain its central position at the hyphal tip and wanders randomly from side to side, thus leading to an altered 'zig-zag' or 'curly' pattern of hyphal growth (Konzack et al., 2005) . Nevertheless, it is generally accepted that microtubules are not required for the establishment of hyphal polarity in A. nidulans (i.e. Oakley and Morris, 1980) . Thus, we were surprised to find that neither cdc42 G14V nor sepA1 mutants could generate a polarity axis during conidiospore germination in the presence of benomyl (note that Dcdc42 and DracA mutants were capable of spore polarization in the presence of benomyl; data not shown). Because Cdc42 and SepA are potential partners in a pathway that regulates localized formation of microfilaments (Sharpless and Harris, 2002; Pearson et al., 2004) , this observation implicates microtubules in a polarity establishment function that acts in parallel with microfilaments and is only revealed when microfilament formation is compromised. Previous characterization of a mutant derivative of gamma-tubulin also supports the notion that microtubules have a role in polarity establishment (Jung et al., 2001) . Regardless of the nature of this role, it is clearly secondary to that of microfilaments, because complete actin depolymerization is sufficient to block all polarization events (Torralba et al., 1998) .
We envision two non-exclusive roles for microtubules in the establishment of hyphal polarity. First, as described in S. pombe (Feierbach et al., 2004) , polarity markers may be transported to presumptive polarization sites on microtubule plus ends. Second, markers and/or signaling components such as Cdc42 may be associated with vesicles that are transported to polarity sites via microtubules. In wild-type conidiospores, we propose that either of these microtubule-mediated functions could facilitate the specification of a polarization site (which would account for the defective patterns of germ tube emergence observed when microtubule function is compromised; Harris et al., 1999; Konzack et al., 2005) . The specified polarity axis could then be stabilized by the subsequent formation of microfilaments and recruitment of the morphogenetic machinery (Harris, 2006) . In the presence of constitutive GTP-bound Cdc42 or reduced levels of functional SepA, microfilament formation may be less efficient, such that under these circumstances, microtubules provide an alternate means to deliver the morphogenetic machinery and stabilize the polarity axis.
Experimental procedures
Strains, media, growth conditions and growth measurements
Aspergillus nidulans strains used in this study are listed in Table 1 . Media were made according to Kafer (1977) . Colony growth rates were measured in triplicate once a day on indicated medium and temperatures. Each measurement represented an average of two perpendicular colony diameter measurements. Conidiospore yields were measured in triplicate after 9 days of growth on indicated medium and temperatures. A 1 cm 2 section of medium was cut out from the midpoint between the centre and the perimeter of the colony and vigorously vortexed in 1 ml of water. The number of conidiospores per millilitre was then measured using a haemacytometer.
Cloning of Cdc42
The cdc42 and rac1 homologues of A. nidulans were identified as AN7487.2 and AN4743.2 by BLAST searches of the Aspergillus nidulans genome database (http://www.broad.mit. edu/annotation/genome/aspergillus_group/MultiHome.html; Altschul et al., 1997) using S. cerevisiae cdc42 and A. niger racA as queries, and renamed cdc42 and racA respectively. An amplified PCR fragment of cdc42 was used to obtain fulllength cDNA clones by screening a lgt10 library.
Construction of gene replacement strains
The cdc42 and racA genes were replaced with the pyroA A.f. marker from A. fumigatus using the gene targeting system developed by Nayak et al. (2006) and the gene replacement generation strategy developed by Yang et al. (2004) . Oligonucleotides used in this study will be made available upon request. The pyroA A.f. DNA marker fragment was PCR amplified from plasmid pTN1 (Nayak et al., 2006) . The DNA fragments upstream and downstream of cdc42 and racA were amplified from the wild-type strain A28 (available through the Fungal Genetics Stock Center, Kansas City, MO). High Fidelity and Long Template PCR systems (Roche Diagnostics Corporation, Indianopolis, IN) were used for amplifications of individual and fusion fragments, respectively, using a Px2 Hybaid or an Eppendorf Mastercycler gradient thermal cycler. The amplification conditions were according to the manufacturer's recommendations. PCR products were gel purified using the QIAquick gel extraction kit (QIAGEN Inc., Valencia, CA). The gene replacement constructs were transformed into strain A1149, and plated on supplemented minimal medium with 0.59 M KCl (Kaminskyj, 2001 ) medium. A protocol based on the transformation protocol of Oakley and Osmani (1993) was used for transformations. Transformation candidates were tested for homologous integration of the gene replacement construct and the absence of the wild-type gene by diagnostic PCR as described in Yang et al. (2004) . One strain with confirmed homologous integration of the gene replacement construct for each of cdc2 and racA was crossed to strain AAV65 (Kaminskyj, 2001) . Progeny were tested for 1:1 segregation, and cosegregation of the gene replacement marker (pyroA A.f. ) with mutant phenotypes to eliminate the possibility of ectopic integrations of the gene replacement construct. The verified cdc42 gene replacement strain was named AAV128, and the verified racA gene replacement strain was named AAV129. The same strategy was used to replace cdc42 and racA with the pyr-4 nutritional marker from N. crassa. The pyr-4 DNA marker fragment was amplified from plasmid pRG3. The resulting constructs were transformed into A1149 and AAV131. Green transformants derived from A1149 were named AAV137 and AAV140, and yellow transformants derived from AAV131 were named AAV138 and AAV141 respectively.
Construction of GFP fusion proteins
Strain AAV150 expressing an N-terminal GFP-Cdc42 fusion protein was obtained by using a novel FOA-based screen to replace the Dcdc42::pyr-4 gene replacement in strain AAV138 with a gfp::cdc42 construct (a manuscript providing a detailed description of this procedure is currently in preparation) yielding strain AAV150.
Strain A1149 was transformed with pCP32 (Pearson et al., 2004) , pKES59 (Sharpless and Harris, 2002) , pLO72 (Osmani et al., 2003) and pCP33 (Virag and Harris, 2006a) to generate strains AAV123, AAV122, AAV124 and AAV125 respectively. These strains were then transformed with the Dcdc42::pyr-4 gene replacement construct, yielding strains AAV142, AAV143, AAV144 and AAV145. Transformation of strains AAV122 and AAV124 with the DracA gene replacement construct yielded strains AAV146 and AAV148.
Construction of cdc42 mutant alleles
Overlap PCR was used to generate the cdc42 G14V construct. Two overlapping oligonucleotides that either altered the Gly14 codon were used to amplify overlapping DNA fragments that spanned cdc42 plus its upstream and downstream regulatory sequences. Fusion PCR was then used to generate single fragments that contained the mutants alleles.
The A. nidulans expression plasmid pSDW194 (gift from S. James, Department of Biology, Gettysburg College) contains the argB selectable marker and the alcohol-inducble alcA promoter. To fuse the cdc42 G14V allele to the alcA promoter, the 1.3 kb KpnI/BamHI fragment from plasmid pML26 was Virag and Harris (2006a) cloned into pSDW194 to generate the cdc42 expression plasmid pML32. These plasmids, as well as pSDW194, were transformed into strains AH13 or AML13 using standard protocols. Transformants were streak-purified, and those in which a single copy of the plasmid had integrated at the argB locus identified by Southern hybridization.
Microscopy
To assess conidiophore morphology, strains were grown on coverslips for 3 days on supplemented minimal medium at 28°C and processed as outlined by Lin and Momany (2003) .
For visualization of the cell wall and nuclei, spores and mycelial fragments were scraped off the colony surface, inoculated on coverslips in liquid YGVUU (Kaminskyj, 2001 ) medium, and incubated for 12-17 h at 28°C. Coverslips with adherent mycelia were fixed and stained with 273 nM Calcofluor (Fluorescent Brightner 28, Sigma-Aldrich Corporation, St. Louis, MI), and 160 nM Hoechst 33258 (Molecular Probes, Eugene, OR; protocol as in Virag and Harris, 2006a) . To visualize sterol-rich membrane regions, cells were grown for 15-16 h in YGVUU medium at 28°C and stained with 38 mM filipin (Pearson et al., 2004) . To view intracellular membranous material, hyphae grown in YGVUU medium for 16 h at 28°C were treated with either 10 or 32 mM FM4-64 (Molecular Probes, Eugene, OR) for 2 min and recovered in YGVUU medium for 2 h (Peñalva, 2005) .
Digital images of colony morphology were collected with an Olympus C3020ZOOM digital camera. Differential interference contrast and fluorescence images were collected with an Olympus BX51 microscope containing a reflected fluorescence system fitted with a Photometrics CoolSnap HQ camera. Images were processed with IPLab Scientific image processing 3.5.5 (Scanalytics Inc., Fairfax, VA) and Adobe Photoshop 6.0 (Adobe Systems Incorporated, San Jose, CA).
Gene interaction experiments
The cdc42and racA gene sequences, including upstream and downstream regions, were amplified (primers available upon request) and cloned into the pCR2.1-TOPO vector (Invitrogen Corporation, Carlsbad, CA), yielding plasmids pHS11, pHS12, pHS13, pAV34 and pAV35 respectively. For overexpression experiments strains AAV128 and AAV129 were cotransformed with pRG3AMA1 and each of the plasmids pHS11, pHS12, pHS13, pAV34 and pAV35.
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